1. Introduction {#sec1-pharmaceutics-10-00055}
===============

Polyurethanes are among the most ubiquitous of materials found in society, owing to their versatile properties. They can be found in automobiles, chairs, beds, refrigerators and many other household items \[[@B1-pharmaceutics-10-00055]\]. Early research into the chemistry of polyurethanes can be found as early as 1947 \[[@B2-pharmaceutics-10-00055]\]. By varying different substituents and their ratios, different polyurethanes with a wide range of physicochemical properties can be synthesized at large scales.

This review presents an overview of recent applications of polyurethanes to sustained release drug delivery. Previous review publications generally focused on the chemistry, synthesis and properties of polyurethanes. Cherng et al. authored an extensive review of polyurethane-based drug delivery systems, however it was published over five years ago \[[@B3-pharmaceutics-10-00055]\]. Since that time, there has been significant advancement in the research area of polyurethanes, particularly as applied to parenteral sustained release dosage forms.

Polyurethanes have been applied to drug products in nearly every conceivable configuration. Seo and Na explored modifications to polyurethane membrane porosity from a non-erodible drug eluting stent \[[@B4-pharmaceutics-10-00055]\]. Guo et al. developed biodegradable polyurethane stent coatings enabling adjustable drug release \[[@B5-pharmaceutics-10-00055]\]. Chen et al. explored the use of polyurethane pressure-sensitive adhesives for transdermal drug delivery \[[@B6-pharmaceutics-10-00055]\]. Several studies have explored the controlled release of antibiotics from polyurethane matrices through tissue scaffolds \[[@B7-pharmaceutics-10-00055]\], bone grafts \[[@B8-pharmaceutics-10-00055]\], microspheres \[[@B9-pharmaceutics-10-00055]\] and nanoparticles \[[@B10-pharmaceutics-10-00055]\]. Temperature- and pH-responsive polyurethane nanoparticles have been developed to deliver doxorubicin to the tumor microenvironment \[[@B11-pharmaceutics-10-00055]\]. Drug loaded polyurethane implants have been studied for the treatment of bacterial infection \[[@B12-pharmaceutics-10-00055]\] and inflammation \[[@B13-pharmaceutics-10-00055]\]. The polymers have been extensively applied in the development of intravaginal rings \[[@B14-pharmaceutics-10-00055],[@B15-pharmaceutics-10-00055],[@B16-pharmaceutics-10-00055],[@B17-pharmaceutics-10-00055],[@B18-pharmaceutics-10-00055],[@B19-pharmaceutics-10-00055],[@B20-pharmaceutics-10-00055],[@B21-pharmaceutics-10-00055],[@B22-pharmaceutics-10-00055],[@B23-pharmaceutics-10-00055],[@B24-pharmaceutics-10-00055],[@B25-pharmaceutics-10-00055]\]. Polyurethanes have also been applied to modulate the release characteristics of orally administered tablets \[[@B26-pharmaceutics-10-00055]\].

Experimental work exploring monolithic mixtures of a polymer (ethylene vinyl acetate) with model drug compounds has been documented as early as 1964 \[[@B27-pharmaceutics-10-00055]\] and the use of polyurethanes in medical devices has been well documented since 1968 \[[@B28-pharmaceutics-10-00055],[@B29-pharmaceutics-10-00055],[@B30-pharmaceutics-10-00055],[@B31-pharmaceutics-10-00055],[@B32-pharmaceutics-10-00055],[@B33-pharmaceutics-10-00055],[@B34-pharmaceutics-10-00055]\]. Both biodegradable and biostable sub-dermal implant polyurethane formulations have been of more recent interest \[[@B3-pharmaceutics-10-00055]\].

2. Chemistry of Polyurethanes {#sec2-pharmaceutics-10-00055}
=============================

Polyurethanes are a group of condensation polymers that include the urethane (---NHCOO---) group in the chemical structure ([Figure 1](#pharmaceutics-10-00055-f001){ref-type="fig"}). They are typically synthesized by a step-growth polymerization reaction between isocyanates and polyols in the presence of a suitable catalyst. Polyurethanes synthesized solely from isocyanates and polyols generally have poor mechanical properties. Therefore, chain extenders are added to the structure in order to induce microphase separation between the two thermodynamically incompatible segments. The two segments are commonly described as hard segments (composed of the isocyanate and chain extender components) and soft segments (composed of the polyol component). The hard segments impart mechanical strength, whereas the soft domains provide flexibility ([Figure 1](#pharmaceutics-10-00055-f001){ref-type="fig"}).

2.1. Isocyanates {#sec2dot1-pharmaceutics-10-00055}
----------------

Diisocyanates are commonly employed in the synthesis of polyurethanes, which can be divided into aliphatic and aromatic diisocyanates. In general, aromatic diisocyanates are more reactive than aliphatic species. For example, polyurethanes made from aliphatic diisocyanates demonstrated more resistance to ultraviolet radiation, whereas those made from aromatic diisocyanates have been shown to undergo photodegradation \[[@B35-pharmaceutics-10-00055],[@B36-pharmaceutics-10-00055]\]. Polyurethanes based on aromatic diisocyanates have also been shown to exhibit less biocompatibility than those synthesized from aliphatic diisocyanates, caused by toxic degradation products. Polyurethanes prepared with toluene diisocyanate have been shown to degrade under physiological conditions to yield 2,4-toluene diamine, which has known toxicity \[[@B37-pharmaceutics-10-00055]\]. Kääriä et al. conducted an in vivo study using a polyurethane prepared from the aromatic 4,4′-methylenediphenyl diisocyanate and observed cytotoxicity attributed to the aromatic amine 4,4′-methylenedianiline produced as a degradation product of the polymer \[[@B38-pharmaceutics-10-00055]\].

2.2. Chain Extenders {#sec2dot2-pharmaceutics-10-00055}
--------------------

Chain extenders are typically low molecular weight (\<400 Da) bisamines or diols, such as 1,4-butandiol, 1,3-propanediol and ethylene diamine. The physical and mechanical properties of polyurethanes, including hardness and crystallinity, are dependent on the extent of phase separation between the hard and soft segments. The extent of phase separation is, in part, a function of the type and number of chain extenders used for polymerization. Jabbari and Khakpour investigated the impact of changes to the mole fraction of polyurethane chain extruder to the porosity of prepared microspheres \[[@B39-pharmaceutics-10-00055]\]. They observed that the pores in polyurethane microspheres decreased as the content of chain extruder increased from 0 to 50 mol %. When they increased the chain extruder content to 67 mol %, the polymer stiffness increased and formation of pores was inhibited.

2.3. Polyols {#sec2dot3-pharmaceutics-10-00055}
------------

Polyols are generally di-hydroxyl terminated macroglycols of polyesters, polyethers and polycarbonates in the molecular weight range of 1000 to 5000 Da. The molecular weight and type of polyol plays a significant role in the physicochemical and mechanical properties of the polyurethane. Polyester-based polyurethanes often have good mechanical strength and thermal stability, however they are susceptible to hydrolysis \[[@B40-pharmaceutics-10-00055]\]. Biodegradable poly(ester urethanes) have been prepared from lysine diisocyanate with [d]{.smallcaps},[l]{.smallcaps}-lactide, ε-caprolactone and other monomers \[[@B41-pharmaceutics-10-00055]\]. Kaur et al. developed a biodegradable intravaginal ring composed of a poly(ester urethane) prepared from bis(4-isocynaatocyclohexyl)methane with poly(tetramethylene ether)glycol and ε-caprolactone, which released the antiretroviral dapivirine at target levels for one month \[[@B42-pharmaceutics-10-00055]\]. Yu et al. developed biodegradable polyurethanes based on L-phenylalanine that possess tunable mechanical properties and degradation rates over a wider range than was achievable with poly(lactic acid) \[[@B43-pharmaceutics-10-00055]\].

Polyether-based polyurethanes tend to be more hydrolytically stable and exhibit more elasticity at lower temperatures. However, they can be more susceptible to oxidative and thermal lability \[[@B44-pharmaceutics-10-00055],[@B45-pharmaceutics-10-00055]\]. It was found that poly(ether urethane) used as pacemaker lead insulation suffered from stress cracking due to oxidation after being placed in humans for long periods of time \[[@B46-pharmaceutics-10-00055]\]. However, antioxidants have been used to stabilize poly(ether urethanes) to prevent oxidation and prolong the life of the polymer \[[@B47-pharmaceutics-10-00055]\]. A polyether-based polyol particularly relevant to pharmaceutical applications is polyethylene oxide (PEO). PEO-based polyurethanes exhibit sensitivity to water due to the hydrophilicity and water-absorbing capacity of the ethylene oxide units \[[@B3-pharmaceutics-10-00055]\]. Ikeda et al. demonstrated that the larger the PEO content, the higher the degree of swelling which increased the drug release rate of slowly releasing model compounds \[[@B48-pharmaceutics-10-00055]\].

Polycarbonate-based polyurethanes were developed in response to the disadvantages of polyester and polyether based polyurethanes. They exhibit good mechanical properties, heat stability and hydrolytic stability but they have been shown to undergo enzymatic hydrolysis and oxidative degradation by inflammatory cells in long-term in vivo studies \[[@B49-pharmaceutics-10-00055]\].

2.4. Synthesis {#sec2dot4-pharmaceutics-10-00055}
--------------

Polyurethanes are generally synthesized by reacting the isocyanate, polyol and chain extender together at temperatures above 80 °C \[[@B50-pharmaceutics-10-00055]\]. The central reaction is the formation of a urethane linkage that occurs when an isocyanate reacts with an alcohol group of the polyol. The exothermic polymerization reaction is generally carried out in one of two ways. The "one-shot method" involves mixing all of the ingredients together, while the "prepolymer method" features the reaction of the polyol with an excess of isocyanate, followed by a subsequent reaction with the chain extender to form a linear block copolymer with alternating blocks of hard segment and soft segment \[[@B29-pharmaceutics-10-00055]\]. The prepolymer method has been shown to yield more ordered structure with better control of polymer properties \[[@B51-pharmaceutics-10-00055]\].

Two manufacturing methods are typically employed for industrial production: the belt process and the reaction extruder process. During the belt process, all components are mixed using a high efficiency mixing head and the reacting liquid mixture is poured onto a belt, where it solidifies. The solid material is then granulated and may be blended with other components and extruded into pellets. Utilization of a reaction extruder allows for the mixing of prepolymers or all components inside of the extruder, where screw design and temperature can be modified to suit the desired product properties. The urethane reaction is nearly complete by the time the material exits the extruder and uniform pellets may be formed by the use of underwater or strand pelletizers \[[@B50-pharmaceutics-10-00055]\].

Since phase separation of polyurethanes is dependent on the temperature and shear conditions during polymerization, the process may have a significant influence on the product properties. Consequently, although two polyurethane batches may start from the same raw materials, their physical properties can be very different \[[@B50-pharmaceutics-10-00055]\].

3. Drug Release Mechanisms {#sec3-pharmaceutics-10-00055}
==========================

Solute diffusion, polymer swelling and polymer erosion or degradation are generally considered to be the main driving forces for drug transport from a polymeric matrix \[[@B52-pharmaceutics-10-00055]\]. However, other phenomena may be involved in the control of drug release and are discussed in more detail in other publications \[[@B53-pharmaceutics-10-00055]\].

3.1. Solute Diffusion {#sec3dot1-pharmaceutics-10-00055}
---------------------

Fick's law of diffusion is the fundamental basis for the mechanism describing drug transport from a polymer matrix. Fickian diffusion refers to a solute transport process in which the polymer relaxation time is much greater than the solvent diffusion time. When polymer swelling occurs, changes to diffusivity with time result in non-Fickian drug release. Drug release from polyurethane formulations can be categorized into two groups: (i) monolithic systems, where drug is dissolved or dispersed in a polyurethane matrix and (ii) reservoir systems, where a drug depot is surrounded by a rate controlling membrane \[[@B53-pharmaceutics-10-00055]\]. [Table 1](#pharmaceutics-10-00055-t001){ref-type="table"} describes the categories of solute diffusion from polyurethane-based sustained release dosage forms.

In each of those categories, drug release kinetics will be dependent on whether the drug concentration is above or below its solubility in the system. In the case of a reservoir system where the initial drug concentration is below its solubility, those drug molecules that diffuse out of the system will not be replaced by undissolved drug and the drug activity at the rate controlling membrane's surface decreases with time, resulting in first order release kinetics. Models have also been developed which describe first order release kinetics from a cylindrical intravaginal ring \[[@B54-pharmaceutics-10-00055],[@B55-pharmaceutics-10-00055]\]. However, a reservoir system where the drug concentration exceeds its solubility will feature a saturated solution at the membrane surface, resulting in zero order release kinetics. Over time, drug release kinetics from such a system will approach those of a dosage form with drug concentration below its solubility in the polymer \[[@B56-pharmaceutics-10-00055]\].

In the case of monolithic systems, the device geometry and drug loading will significantly affect the drug release kinetics. For a monolithic system where the initial drug concentration is below its solubility in the system, models have been derived to describe the drug release of thin films, spheres and cylinders, many of which assume an exponential function of release rate with time \[[@B57-pharmaceutics-10-00055],[@B58-pharmaceutics-10-00055]\]. In the case of a monolithic dispersion where the drug is above its solubility in the system, Higuchi described a square root of time relationship between the amount of drug released from a thin film with a large excess of drug \[[@B59-pharmaceutics-10-00055]\].

3.2. Polymer Swelling {#sec3dot2-pharmaceutics-10-00055}
---------------------

Depending on the polyol used, polyurethanes may exhibit substantial polymer swelling which can impact drug release kinetics in several ways. When a polymer swells, the length of the diffusion pathways increases. This can result in decreasing drug concentration gradients, which may decrease drug release rates. Guo et al. observed that the swelling of a synthesized polyurethane matrix slowed down the drug release rate, which was attributed to increased diffusion length \[[@B5-pharmaceutics-10-00055]\].

Polymer swelling also increases the mobility of the polymer chains, which increases drug mobility and, potentially, increases drug release rates. Once a water content specific to each polymer is reached, the polymer mobility steeply increases in a phenomenon called "polymer chain relaxation" or "glassy-to-rubbery phase transition" \[[@B53-pharmaceutics-10-00055]\]. However, polyurethanes commonly employed for pharmaceutical applications exhibit glass transition temperatures below room temperature, so the transition of polyurethanes from the glassy to the rubbery state is generally not of practical significance to drug release \[[@B60-pharmaceutics-10-00055]\]. Clark et al. applied similar pseudo-steady state approach as Higuchi's diffusion model to effectively predict the release of tenofovir from an intravaginal ring composed of hydrophilic polyurethane \[[@B54-pharmaceutics-10-00055]\]. They argued that polymer swelling had minimal impact on the long-term drug release kinetics since the polymers reach equilibrium swelling at early time points and it was thus unnecessary to account for it in the model.

Beyond polymer chain mobility itself, water swelling increases free volume for diffusion, thereby increasing diffusivity of drugs \[[@B61-pharmaceutics-10-00055]\]. Dapivirine, when released from an intravaginal ring composed of a water-swelling polyurethane grade, exhibited faster release than from a ring composed of non-swelling polyurethane ([Figure 2](#pharmaceutics-10-00055-f002){ref-type="fig"}) \[[@B14-pharmaceutics-10-00055]\]. Given the wide variety of PEO-based polyurethanes available commercially, polymer swelling has the potential to dramatically impact drug release kinetics from dosage forms.

3.3. Polymer Erosion and Degradation {#sec3dot3-pharmaceutics-10-00055}
------------------------------------

The erosion and degradation of polymers to facilitate drug release are often confounded; however, they will be separated for the purpose of this review. Goepferich and Langer differentiated the two processes by defining degradation as involving cleavage of polymer chains into oligomers and monomers, while erosion can be defined as a general loss of weight from the polymer \[[@B62-pharmaceutics-10-00055]\]. Consequently, although degradation of water-insoluble polymers is a step in its erosion process, the degradation of the polymer itself is not erosion.

Langer and Peppas defined two extremes of erosion: heterogeneous and homogeneous \[[@B63-pharmaceutics-10-00055]\]. Heterogeneous erosion describes a physical situation where water penetration into the polymer is slow relative to polymer degradation rate. Under this scenario, polymer degradation is restricted to the outermost layers and erosion predominantly occurs at the surface of the dosage form. In the case of homogeneous erosion, water penetration occurs rapidly, degradation occurs throughout the device and bulk erosion follows. Although all bioerodible polymers are likely to undergo some combination of the two extremes, surface erosion may be most often observed with hydrophobic polyurethanes and those with highly reactive bonds in their backbone structure, whereas hydrophilic polyurethanes and those with less reactive ester linkages are more likely to undergo bulk erosion \[[@B53-pharmaceutics-10-00055]\]. Additionally, the water penetration rate may vary depending on the geometry of the delivery system \[[@B64-pharmaceutics-10-00055]\].

Hafeman et al. synthesized hydrophilic polyester-based polyurethanes from ε-caprolactone and observed rapid swelling followed by bulk erosion with approximately 50--80% mass remaining after 36 weeks \[[@B65-pharmaceutics-10-00055]\] ([Figure 3](#pharmaceutics-10-00055-f003){ref-type="fig"}). In a subsequent study investigating the use of one of these polymers to deliver the antibiotic tobramycin, the authors found that the hydrophilic drug released from the polyurethane scaffold over the course of approximately 30 days. Given the difference in time scales between the drug release and polymer degradation rates, the investigators concluded that tobramycin release was independent of polymer degradation \[[@B66-pharmaceutics-10-00055]\]. The study demonstrates the ability to develop biodegradable sustained release dosage forms in which drug release kinetics are not dependent on polymer degradation kinetics.

4. Approaches to Modulate Drug Release Kinetics {#sec4-pharmaceutics-10-00055}
===============================================

Hombreiro-Pérez et al. described the key mass transport phenomena governing drug release through a polymer, including drug dissolution in the polymer; drug diffusion through the polymer matrix and/or through water-filled pores; drug diffusion through the unstirred liquid boundary layer on the surface of the dosage form; and diffusional and convective transport within the release medium \[[@B67-pharmaceutics-10-00055]\]. Through deliberate polymer and formulation selection, the release kinetics of a particular drug may be modulated to achieve a target dose. [Table 2](#pharmaceutics-10-00055-t002){ref-type="table"} summarizes the approaches that may be taken to modulate drug release kinetics from a polyurethane-based reservoir sustained release dosage form.

4.1. Intrinsic Drivers of Drug Release through a Polymer {#sec4dot1-pharmaceutics-10-00055}
--------------------------------------------------------

### 4.1.1. Drug Solubility in Polymer {#sec4dot1dot1-pharmaceutics-10-00055}

In matrix systems where the drug is above its percolation threshold, it is conceivable for drug release to occur by diffusion through drug-rich channels \[[@B27-pharmaceutics-10-00055],[@B78-pharmaceutics-10-00055]\]. However, for matrix systems where drug load is below its percolation threshold and for all reservoir systems, drug must first dissolve in the polymer in order to diffuse through it. For those formulations, drug solubility in the polymer is an important phenomenon. Johnson et al. found that release of hydrophilic tenofovir with a calculated logP of −2.3 was barely detectable from the hydrophobic polyurethane Tecoflex EG-85A, attributed to poor solubility in the polymer \[[@B14-pharmaceutics-10-00055]\]. However, dapivirine with a calculated logP of 6.3 exhibited near zero order release from a similarly hydrophobic polyurethane Tecoflex EG-80A \[[@B17-pharmaceutics-10-00055]\]. Van Laarhoven et al. measured the solubility of etonogestrel and ethinyl estradiol in ethylene vinyl acetate copolymers and found that the two hydrophobic drugs were sufficiently soluble in the hydrophobic polymer that they were present in the finished product in a molecularly dissolved state \[[@B56-pharmaceutics-10-00055]\]. Clark et al. determined the solubility of tenofovir in a hydrophilic polyurethane and observed that its solubility was 100 to 1000 times lower than the drug loading explored in their studies \[[@B54-pharmaceutics-10-00055]\].

### 4.1.2. Drug Diffusivity through Polymer {#sec4dot1dot2-pharmaceutics-10-00055}

The phase state of the polymer has been shown to impact diffusivity of drug through it. Almeida et al. studied the impact of vinyl acetate content on the release rate of metoprolol tartrate from melt extruded ethylene vinyl acetate matrices in the presence of varying levels of polyethylene oxide. Lower vinyl acetate content results in greater crystallinity of the polymer. They found that matrices extruded with lower vinyl acetate content polymers exhibited slower drug release rates than those extruded with higher vinyl acetate content polymers. By fitting the experimental data to an analytical model of Fick's second law of diffusion, they were able to show that release rate differences between polymers could be explained by changes to the apparent diffusion coefficient ([Figure 4](#pharmaceutics-10-00055-f004){ref-type="fig"}) \[[@B68-pharmaceutics-10-00055]\]. Tallury et al. explored the impact of ethylene vinyl acetate copolymer composition on the release of chlorhexidine and acyclovir from polymer matrices. They observed a strong relationship between vinyl acetate content and drug release for both systems, where higher vinyl acetate content exhibited faster drug release \[[@B69-pharmaceutics-10-00055]\]. Although the effect of polymer crystallinity on drug release from nonerodible polyurethane-based dosage forms has not been extensively studied, several investigators correlated the crystallinity of the soft segment to degradation rate of poly(ester urethanes). Reddy et al. proposed that higher crystallinity of the poly(caprolactone) soft segment resulted in reduced polymer degradation rates, which slowed the release of the model drug theophylline \[[@B70-pharmaceutics-10-00055]\].

The molecular weight of the polymer may also impact the diffusion of drug through the dosage form. Hsu and Langer investigated the impact of changes to ethylene vinyl acetate molecular weight on the release rate of bovine serum albumin (BSA). They observed a substantial decrease in BSA release rate with relatively small increases in ethylene vinyl acetate molecular weight \[[@B71-pharmaceutics-10-00055]\]. Skarja and Woodhouse investigated the effect of molecular weight on the properties of polyurethanes composed of either poly(caprolactone) or poly(ethylene oxide) as the soft segment. They found that phase separation between the hard and soft segments and crystallinity of the soft segment increases with soft segment molecular weight. For polyurethanes based on hydrophobic poly(caprolactone), one might expect reduced drug release rates from a higher molecular weight polymer, however those based on hydrophilic poly(ethylene oxide) might be expected to release drug at faster rates \[[@B72-pharmaceutics-10-00055]\].

For polyurethanes, the ratio between soft segment and hard segment has also been shown to affect drug release kinetics. Shoaib et al. explored the effect of soft segment to hard segment ratio on the release of ciprofloxacin. The polyurethane-urea elastomers were synthesized from the aromatic toluene diisocyanate and the hydrophilic polyethylene glycol. As soft segment to hard segment ratio was decreased, the investigators observed a decrease in ciprofloxacin release rate from drug/polymer films. The authors attributed the slower drug release to increased cross-linking of the hard segments in polymers featuring a higher concentration of hard segment. They speculated that increased cross-linking would reduce water penetration into the matrix and drug diffusion out of the matrix \[[@B73-pharmaceutics-10-00055]\].

Verstraete et al. investigated the impact of soft segment to hard segment ratio on the release rates of diprophylline, theophylline and acetaminophen for hydrophilic thermoplastic polyurethanes for which the soft segment is composed of polyethylene oxide. As the soft segment to hard segment ratio increased, the fraction of polyethylene oxide in the polymer structure increased. The authors observed an increase in swelling for the polymers Tecophilic SP60D60, SP93A100 and TG2000 ranging from 60% to 900% weight gain. When investigating the drug release kinetics of the three drug compounds from matrices of each polymer, they found that all drugs followed the same trend with the TG2000-based matrix releasing fastest and the SP60D60-based matrix releasing slowest ([Figure 5](#pharmaceutics-10-00055-f005){ref-type="fig"}) \[[@B74-pharmaceutics-10-00055]\]. Increased water uptake and faster drug release may be due to the formation of a water-filled pore structure or due to higher free volume that increases diffusivity.

4.2. The Use of Pore Formers {#sec4dot2-pharmaceutics-10-00055}
----------------------------

The incorporation of soluble components to an otherwise poorly soluble barrier has been utilized as an approach to modulate the release of drugs through film coated tablets for decades \[[@B79-pharmaceutics-10-00055],[@B80-pharmaceutics-10-00055],[@B81-pharmaceutics-10-00055],[@B82-pharmaceutics-10-00055],[@B83-pharmaceutics-10-00055]\]. A similar approach has been applied to the development of drug/polyurethane dosage forms in order to optimize the drug release rate. Kim et al. evaluated the effect of polyethylene glycol, D-mannitol and bovine serum albumin on the release of the antibiotic cefadroxil from a polyurethane matrix \[[@B75-pharmaceutics-10-00055]\]. They observed that matrices utilizing bovine serum albumin as the pore former exhibited the fastest drug release. The authors proposed that immiscibility of the pore former with the polyurethane could facilitate channel formation and thus increase drug release rate.

Donelli et al. investigated the utility of incorporating polyethylene glycol and bovine serum albumin into a polyurethane matrix to modify the release rate of the antifungal drug fluconazole \[[@B76-pharmaceutics-10-00055]\]. They found that matrices incorporating polyethylene glycol exhibited increased drug release relative to a control without pore former, whereas matrices incorporating bovine serum albumin exhibited sustained drug release relative to the control. Sreenivasan observed an increased release rate of the anti-inflammatory drug hydrocortisone when adding methyl β-cyclodextrin to polyurethane \[[@B77-pharmaceutics-10-00055]\]. Claeys et al. explored the impact of polyethylene glycol, polysorbate 80 and the dicarboxylic acids malonic, succinic, maleic and glutaric acid on the release of diprophylline from a polyurethane matrix ([Figure 6](#pharmaceutics-10-00055-f006){ref-type="fig"}) \[[@B26-pharmaceutics-10-00055],[@B60-pharmaceutics-10-00055]\].

5. Mechanical Properties of Polyurethane-Based Dosage Forms {#sec5-pharmaceutics-10-00055}
===========================================================

Since many polyurethane-based sustained release dosage forms are intended to remain in vivo for extended periods of time, their mechanical properties are critical to ensure consistent drug release kinetics and good patient adherence. The dosage forms must exhibit enough elasticity to deform seamlessly without causing discomfort to patients during routine daily activities and without causing tissue damage or inflammation \[[@B84-pharmaceutics-10-00055]\]. On the other hand, the dosage forms must have sufficient strength to prevent fracture, which would alter geometry and potentially affect drug release rate. For example, intravaginal rings that are too soft may not be effectively retained and could be expelled from the vagina \[[@B85-pharmaceutics-10-00055]\].

5.1. Patient Perceptions {#sec5dot1-pharmaceutics-10-00055}
------------------------

Given that many of the mechanical properties are driven by patient perceptions, it can be difficult to determine an appropriate target for a dosage form under development. The target mechanical properties of each dosage form may be dependent on the route of administration and duration of the product. However, patients are likely to have more interaction with intravaginal rings than most other parenteral formulations and therefore investigators have evaluated the mechanical performance of intravaginal rings more extensively than most other presentations.

Morrow Guthrie et al. conducted a clinical study to understand the relationship between user perceptions and mechanical properties of intravaginal rings composed of polyurethane \[[@B86-pharmaceutics-10-00055]\]. Users perceived a ring with a matte and textured surface to be easier to manipulate during insertion, whereas they perceived a ring with a glossy and smooth surface to be slicker and more challenging to insert. The study participants also expected rings composed of softer materials to be more comfortable to use. Although the participants preferred a small diameter ring, it conflicted with their general desire for a more pliable dosage form. For a given material at a defined cylinder diameter, a smaller diameter ring will be more difficult to squeeze. Faced with these tradeoffs, users were more comfortable with using softer materials and smaller diameter cylinders, even if the ring diameter were larger.

5.2. Mechanical Testing of Finished Product {#sec5dot2-pharmaceutics-10-00055}
-------------------------------------------

Since most investigators lack the clinical data necessary to quantify patient preferences, studies describing the assessment of an investigational dosage form's mechanical properties typically reference their findings back to a marketed product. Baum et al. proposed several techniques to evaluate the mechanical properties of an experimental silicone-based intravaginal ring, comparing it to the commercially available Estring^®^ \[[@B87-pharmaceutics-10-00055]\]. The tensile strength, elongation and compression strength were determined using methods adapted from ASTM D2240 and ISO 8009 standards \[[@B88-pharmaceutics-10-00055],[@B89-pharmaceutics-10-00055]\].

Verstraete et al. built on Baum's efforts by applying those techniques to polyurethane-based intravaginal dosage forms and comparing back to the marketed product Nuvaring^®^ \[[@B15-pharmaceutics-10-00055]\]. Shore durometer hardness was measured using an indentation test on the surface of the ring. Elongation and force at maximum extension were measured using an extension testing system. To evaluate elongation, a sample was fixed between two hooks and its axial length was measured after applying a defined force. In order to assess maximum elongation, the sample was stretched at a defined rate until breakage. The researchers sought to evaluate resistance to compression by subjecting a sample to repeated compression cycles at a defined speed and amplitude and assessing changes to the diameter along the axis of compression and orthogonal to it. [Table 3](#pharmaceutics-10-00055-t003){ref-type="table"} provides a summary of the measured intravaginal ring mechanical properties in comparison to the marketed product. By performing a variety of compression, elongation and indentation tests, the investigators were able to assess the mechanical properties of the dosage form under a variety of circumstances.

Clark et al. performed a destructive extension test on their segmented intravaginal ring samples both before and after 31-day in vitro release testing. Samples were stretched at a defined rate until failure was observed at which point the net extension and net load were recorded \[[@B90-pharmaceutics-10-00055]\]. The investigators did not compare measured properties back to a marketed product. Without a benchmark, it can be difficult to interpret the outcome as to whether the failure conditions were beyond what is reasonably expected during normal handling.

Young's modulus measures a material's resistance to being deformed elastically when a stress is applied to it. A stiffer material will have a higher Young's modulus. Ugaonkar et al. leveraged the Young's modulus as a measure of flexibility by subjecting a 25 mm long cylindrical segment to a defined elongation at a specified rate and again compared the measured value for their experimental dosage form to that of the marketed product Nuvaring^®^ \[[@B55-pharmaceutics-10-00055]\]. Clark et al. developed a model to predict the force necessary to compress an intravaginal ring material a given distance based on the Young's modulus \[[@B54-pharmaceutics-10-00055]\]. Although Young's modulus is an effective measure of stiffness, it does not provide information on elongation and compression properties.

Crnich et al. were interested in understanding the effect of ethanol exposure on the mechanical properties of polyurethane stents. They performed tensile strength testing, including force-at-break, failure stress, elongation at failure, maximum strain and modulus of elasticity in accordance with ISO standard 10555-1 \[[@B91-pharmaceutics-10-00055]\]. The investigators concluded that exposure to ethanol had a minimal effect on the mechanical properties of polyurethane catheters.

Johnson et al. performed a tensile strength test on their intravaginal ring samples in a similar fashion to others \[[@B14-pharmaceutics-10-00055]\]. Rings were stretched to a defined force at a specific rate and any evidence of failure or changes to diameter were assessed. The investigators also performed compression/retraction force tests in which the rings were compressed at a defined rate to 50% of their initial diameter and force was recorded throughout the experiment ([Figure 7](#pharmaceutics-10-00055-f007){ref-type="fig"}). They benchmarked to a marketed product and observed that their hydrophilic polyurethane-based intravaginal ring exhibited similar mechanical properties to the Nuvaring^®^ reference ("EVA-R") when kept dry. However, the hydrated polyurethane-based ring exhibited faster recoil than the reference, which the authors pointed out could improve retention in the vaginal tract.

5.3. Gamma Irradiation {#sec5dot3-pharmaceutics-10-00055}
----------------------

Gamma irradiation is an established approach to sterilize materials for biomedical application. However, polymer irradiation may result in crosslinking or chain scission, resulting in physical and mechanical changes to the polymer. It has been generally reported that medical polyurethane products are able to withstand multiple exposures to gamma irradiation without change to physical or mechanical properties \[[@B92-pharmaceutics-10-00055]\]. For example, Abraham et al. studied the effect of gamma irradiation on the mechanical properties of an aromatic poly(ether urethane urea) and an aliphatic polycarbonate-based polyurethane \[[@B93-pharmaceutics-10-00055]\]. The investigators assessed tensile properties with uniaxial stress-strain data following ASTM D638 methods and elongation properties using a stress hysteresis test. Although they observed a change in molecular weight distribution and soft segment glass transition temperature for both polymers, they found no significant effect of irradiation on the tensile properties and a small increase in hysteresis stress values.

In a separate study, Simmons et al. examined the effect of gamma irradiation on the mechanical properties of an aromatic poly(ether urethane) and an aromatic polyurethane based on both polyether and polysiloxane in the soft segment \[[@B94-pharmaceutics-10-00055]\]. They determined the ultimate tensile strength, ultimate elongation and Young's modulus prior to and following sterilization. Gamma irradiation appeared to stiffen the polyether/polysiloxane-based material, with an approximate 20% increase in Young's modulus, while tensile strength and elongation remained largely unchanged. There was no significant effect of irradiation on the measured mechanical properties of the polyether-based polyurethane.

Gorna et al. noted that previous studies had focused on the impact of gamma irradiation on the properties of non-erodible polyurethanes. Therefore, they investigated the effect of gamma irradiation on the mechanical properties of biodegradable polyurethanes based on poly(ethylene oxide) and poly(ε-caprolactone), used for medical implants and scaffolds \[[@B95-pharmaceutics-10-00055]\]. They measured the tensile strength, Young's modulus and elongation at break before and after gamma irradiation. The investigators observed a decrease in mechanical strength following gamma irradiation, with the polyurethane based on poly(ethylene oxide) exhibiting a substantial 50% decrease in tensile strength.

However, Ahmed et al. studied the effect of gamma irradiation on the mechanical properties of a non-erodible aromatic poly(carbonate urea) based polyurethane alongside a biodegradable aliphatic polycaprolactone based polyurethane \[[@B96-pharmaceutics-10-00055]\]. They observed an approximate 25% decrease in Young's modulus and ultimate tensile strength for both polymers following irradiation. Consequently, no generalized conclusions can be made with regard to the effect of gamma irradiation on the mechanical properties of varying types of polyurethanes, underscoring the importance of verifying mechanical properties of the drug product during development.

6. Conclusions {#sec6-pharmaceutics-10-00055}
==============

Owing to their chemical diversity, polyurethanes can be tailored to exhibit a wide variety of physical properties. Crystallinity, hydrophilicity, hydrated porosity, mechanical strength and bioerodibility can be tuned to achieve the desired dosage form characteristics and release rate for a diverse array of treatment duration and route of administration. The diversity of polyurethane chemistry suggests that one may have substantially more degrees of freedom to select a polymer exhibiting good or poor drug solubility than with silicone or poly(ethylene-co-vinyl acetate) elastomers. The ability to tune the extent of water swelling by changing the soft segment to hard segment ratio of polyurethanes presents an exciting route to modulate drug release kinetics independent of drug solubility in polymer. Despite the available opportunities, few commercialized drug products leverage polyurethanes, suggesting that it remains a nascent field with much to be understood before it can be routinely reduced to practice. Polyurethane-based parenteral sustained release dosage forms are well suited toward therapies where high adherence to a consistent dose over a long duration is critical, particularly infectious and neurodegenerative diseases.
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![General chemical structure of polyurethanes.](pharmaceutics-10-00055-g001){#pharmaceutics-10-00055-f001}

![Cumulative flux (Q) of dapivirine as a function of time from a water swelling (WS-PU) and non-water swelling (NWS-PU) polyurethane matrix. \*\* denotes wt % cumulative release of dapivirine over 30 days. Adapted from \[[@B14-pharmaceutics-10-00055]\], Elsevier, 2010 with permission.](pharmaceutics-10-00055-g002){#pharmaceutics-10-00055-f002}

![In vitro degradation of polyurethane scaffolds. By 36 weeks, polymers from prepared from lysine triisocyanate (LTI) had completely degraded, while the polyurethanes prepared from hexamethylene diisocyanate trimer remained at 52--81% of their original masses. Adapted from \[[@B65-pharmaceutics-10-00055]\], Springer Nature, 2008 with permission.](pharmaceutics-10-00055-g003){#pharmaceutics-10-00055-f003}

![(**A**) Theory (curves) and experiments (symbols): metoprolol tartrate release from EVA 28-based matrices containing 0% PEO 7 M (■), 5% PEO 7 M (▲), or 5% PEG 7 M/Lutrol (9/1, *w*/*w*) (×). (**B**) Apparent diffusion coefficients of metoprolol tartrate in EVA-based matrices, containing 0% PEO 7 M, 5% PEO 7 M, or 5% PEO 7 M/Lutrol (9/1, *w*/*w*). Adapted from \[[@B68-pharmaceutics-10-00055]\], Elsevier, 2012 with permission.](pharmaceutics-10-00055-g004){#pharmaceutics-10-00055-f004}

![Influence of length of the polyurethane soft segment (polyethylene oxide) on the in vitro release kinetics of drugs with different aqueous solubility (acetaminophen, diprophylline and theophylline) from polyurethane-based matrices (SP60D60, SP93A100 and TG2000). Adapted from reference \[[@B74-pharmaceutics-10-00055]\], Elsevier, 2016 with permission.](pharmaceutics-10-00055-g005){#pharmaceutics-10-00055-f005}

![Mean dissolution profiles (±SD) of polyester-based polyurethane (Pearlbond) matrices as a function of (**A**) drug load: 50% (■), 60% (●) and 65% (✕) metoprolol tartrate; (**B**) drug solubility: 65 wt % theophylline (△), diprophylline (▽) and metoprolol tartrate (✕); pore former (**C**) PEG 4000 or (**D**) Polysorbate 80; 65 wt % diprophylline with 0% (■), 2% (▲), 5% (▼) and 10% (◆) of pore former, respectively. Adapted from \[[@B60-pharmaceutics-10-00055]\], Elsevier, 2015 with permission.](pharmaceutics-10-00055-g006){#pharmaceutics-10-00055-f006}

![Force versus percent ring compression for experimental (segmented IVR) and Nuvaring^®^ (EVA-R) intravaginal rings. Equilibrium swelling, as determined by mass change, was achieved after 3 days in water. Each ring was brought to 50% compression and subsequently allowed to recover to its original diameter as indicated by the direction of arrows. Adapted from \[[@B14-pharmaceutics-10-00055]\], Elsevier, 2010 with permission.](pharmaceutics-10-00055-g007){#pharmaceutics-10-00055-f007}
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###### 

Categories of Solute Diffusion from Polyurethane-based Sustained Release Dosage Forms.

  Dosage Form Type           Drug Concentration in Polymer      Release Kinetics                    Examples
  -------------------------- ---------------------------------- ----------------------------------- -----------------------------------------------------------------
  Monolithic                 C~drug~ ≤ C~solubility~            Geometry and drug load dependent    \[[@B57-pharmaceutics-10-00055],[@B58-pharmaceutics-10-00055]\]
  C~drug~ \> C~solubility~   Geometry and drug load dependent   \[[@B59-pharmaceutics-10-00055]\]   
  Reservoir                  C~drug~ ≤ C~solubility~            First order                         \[[@B54-pharmaceutics-10-00055],[@B55-pharmaceutics-10-00055]\]
  C~drug~ \> C~solubility~   Zero order                         \[[@B56-pharmaceutics-10-00055]\]   

pharmaceutics-10-00055-t002_Table 2

###### 

Approaches to Modulate Drug Release Kinetics from a Polyurethane-based Reservoir Sustained Release Dosage Form.

  Driver                                                                       Approach                                                                                        Examples
  ---------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------- -----------------------------------------------------------------------------------------------------------------------------
  Drug Solubility in Polymer                                                   Polymer selection to increase or reduce drug solubility                                         \[[@B14-pharmaceutics-10-00055],[@B17-pharmaceutics-10-00055],[@B54-pharmaceutics-10-00055],[@B56-pharmaceutics-10-00055]\]
  Drug Diffusivity Through Polymer                                             Polymer selection to increase or reduce polymer crystallinity                                   \[[@B68-pharmaceutics-10-00055],[@B69-pharmaceutics-10-00055],[@B70-pharmaceutics-10-00055]\]
  Polymer selection to increase or reduce polymer molecular weight             \[[@B71-pharmaceutics-10-00055],[@B72-pharmaceutics-10-00055]\]                                 
  Polymer selection to increase or reduce soft segment to hard segment ratio   \[[@B73-pharmaceutics-10-00055],[@B74-pharmaceutics-10-00055]\]                                 
  Drug Diffusion Through Water-filled Channels                                 Polymer selection to increase or reduce soft segment to hard segment ratio                      \[[@B73-pharmaceutics-10-00055],[@B74-pharmaceutics-10-00055]\]
  Incorporation of additional component as pore former                         \[[@B75-pharmaceutics-10-00055],[@B76-pharmaceutics-10-00055],[@B77-pharmaceutics-10-00055]\]   

pharmaceutics-10-00055-t003_Table 3

###### 

Overview of intravaginal ring properties (mean ± SD, *n* = 3). Devices that featured similar mechanical properties to reference were highlighted in grey. Adapted from \[[@B15-pharmaceutics-10-00055]\], Elsevier, 2017 with permission.

  Formulation                     Hardness ^a^ (shore A)   Max. Load ^a^ (N)   Max. Elongation ^b^ (%)   OD~1~′/OD~1~ ^c^ (%)   OD~2~′/OD~2~ ^c^ (%)
  ------------------------------- ------------------------ ------------------- ------------------------- ---------------------- ----------------------
  **Reference**                                                                                                                 
  Nuvaring™                       75 ± 4                   102.4 ± 12.7        650.1 ± 11.8              92.1                   107.5
  **Treatment**                                                                                                                 
  25/75 metronidazole/SP-93-100   72 ± 3                   82.8 ± 13.7         587.9 ± 117.4             94.6                   104.6
  50/50 metronidazole/SP-93-100   91 ± 2                   68.1 ± 10.2         51.7 ± 21.4               88.3                   110.2
  Prophylaxis                                                                                                                   
  20/80 Lactic Acid/EG-80A        51 ± 1                   49.7 ± 12.4         517.0 ± 4.9               98.0                   101.7
  20/80 Lactic Acid/EG-85A        62 ± 2                   68.6 ± 22.7         389.4 ± 34.3              98.2                   101.3
  20/80 Lactic Acid/EG-93A        71 ± 2                   87.7 ± 8.15         336.7 ± 24.9              96.0                   103.8
  20/80 Lactic Acid/EG-100A       80 ± 2                   98.6 ± 11.6         244.6 ± 37.4              94.3                   105.1
  20/80 Lactic Acid/EG-60D        80 ± 4                   105.4 ± 13.8        173.8 ± 22.2              93.7                   107.2
  20/80 Lactic Acid/EG-72D        86.3 ± 3                 129.3 ± 14.1        125.7 ± 13.9              89.5                   110.0

^a^ Hardness and maximum load should be similar to the Nuvaring^TM^ reference values. ^b^ Mean elongation at break should not be less than 300%. ^c^ After compression experiments, the diameter along the axis of compression (OD~1~′) and the diameter orthogonal to the axis of compression (OD~2~′) should be at least 90% of their initial values.
